Desiccation tolerance (DT) is the crucial ability of seeds to resist desiccation. However, the regulatory mechanisms of seed DT are not fully understood. In this study, two heat shock cis-elements (HSEs) were identified in the Brassica napus galactinol synthase (BnGolS1) promoter and shown to bind the heat shock transcription factor A4a (BnHSFA4a). Transcriptional expression of BnHSFA4a was induced at the early stage of DT acquisition, prior to increased BnGolS1 activity and galactinol production. Ectopic overexpression of BnHSFA4a (oxBnHSFA4a) in Arabidopsis enhanced DT, particularly during DT re-establishment. OxBnHSFA4a up-regulated the expression of GolS1, GolS2, and raffinose synthase 2 (BnRS2) in Arabidopsis and increased the enzymatic activity of GolS and RS and the concentration of raffinose family oligosaccharides (RFOs). Additionally, the overexpression lines exhibited increased antioxidant abilities. In contrast, the Arabidopsis mutant athsfa4a was more sensitive to dehydration, showing decreases in the efficiency of DT re-establishment, RFO contents, and oxidation resistance. Complementation analysis indicated that DT was rescued in athsfa4a/BnHSFA4a seeds to similar levels compared with those of Col-0. Taken together, these results indicated that BnHSFA4a probably functions in the regulation of GolS expression and activity, and activation of the antioxidative system and other stress response factors to improve DT.
Introduction
Desiccation tolerance (DT) is the ability to endure extreme water loss and survive after rehydration without permanent damage (Angelovici et al., 2010; Dekkers et al., 2015) . A number of processes or mechanisms are correlated with DT in orthodox seeds, including the accumulation of oligosaccharides (Bailly et al., 2001) ; the synthesis of storage and protection proteins, such as late embryogenesis abundant (LEA) proteins and heat shock proteins (HSPs) (Huang et al., 2012; Almoguera et al., 2015) ; and the presence of antioxidant systems (Bailly and Bailly, 2004; Berjak, 2006; Pukacka and Ratajczak, 2006) .
Galactinol synthase (GolS; EC 2.4.1.123) is a key enzyme in the synthesis of raffinose family oligosaccharides (RFOs) that function as osmoprotectants in plant cells. The expression of GolS in plant cells is closely associated with environmental stresses (Peterbauer et al., 2001; Taji et al., 2002; Downie et al., 2003; Karner et al., 2004; Peters et al., 2007; Sengupta et al., 2015) .
Ectopic expression of AtGols2 in Brachypodium (Himuro et al., 2014) and MfGols1 in tobacco (Zhuo et al., 2013) enhances dehydration tolerance in plants by increasing oligosaccharide content. Some studies have found that GolS can be regulated by transcription factors, such as heat shock transcription factors (HSFs) and dehydration-responsive element-binding factors (DREBs), in response to abiotic stress (Panikulangara et al., 2004; Busch et al., 2005; Schramm et al., 2006) .
In eukaryotes, the HSFs are the crucial regulators of heat stress-responsive genes encoding molecular chaperones and other stress proteins (Baniwal et al. 2004; Kotak et al., 2007) . Plants possess diverse families of HSFs, which are encoded by 21 genes in Arabidopsis, 52 loci in soybean, and >16 HSF genes in tomato (Nover et al., 2001; Scharf et al., 2012) . In the complex network of HSFs, each HSF plays a unique role, dependent on its expression pattern, subcellular localization, oligomerization, activation, and interaction with other proteins. The spatial and temporal expression patterns of HSFs can affect different responses in different plant tissues. HSFs potentially bind to the promoters of target genes and their own promoter. HSFs also interact with other HSFs, leading to activation or suppression of gene transcription. These characteristics mean that the HSF signal transduction pathways are highly redundant and specialized networks (Miller and Mittler, 2006; Scharf et al., 2012; Almoguera et al., 2015) . Nishizawa et al. (2008) reported that overexpression of AtHSFA2 resulted in up-regulation of the relative expression levels of AtGolS1, AtGolS2, and AtGolS4, and increased the antioxidant capacity of Arabidopsis. Ectopic overexpression of the seed-specific transcription factor gene HaHSFA9 confers tolerance to severe dehydration in 3-week-old tobacco seedlings (Prieto-Dapena et al., 2008) . Tejedor-Cano et al. (2010) inferred that HSFA9 participated in the regulation of seed DT and longevity in sunflower seeds. Personat et al. (2014) reported that the synergistic functional effect of HaHSFA4a and HaHSFA9 enhanced seed longevity and severe dehydration tolerance in sunflower seedlings. HSFA2 is proposed to act in multiple stress signalling pathways responding to high light conditions and osmotic and oxidative stress (Banti et al., 2010) . Von hypothesized that the HSFA4 group functions as antiapoptotic factors by regulating plant reactive oxygen species (ROS) homeostasis, implying that HSFA4a regulates the transcription of APX1 and ZAT12 in response to high light conditions and oxidative stress (Davletova et al., 2005) . HSFA4a confers tolerance to salt and oxidative agents by interacting with the MPK3 and MPK6 kinases in Arabidopsis (Pérez-Salamó et al., 2014) . Miller and Mittler (2006) also found that HSFA4a, as a molecular receptor, directly responds to ROS and controls the expression of oxidative stress response genes under oxidative stress. However, little information about the relationship between HSFA4 and the reinduction of DT has been reported.
Following radicle protrusion, there is a small developmental window during germination in which DT can be rescued by pre-treatment with the osmoticum polyethylene glycol (PEG) and/or the plant hormone abscisic acid (ABA) (Buitink et al., 2003; Maia et al., 2011 Maia et al., , 2014 ) via a process known as reestablishment of DT. The model of DT re-establishment in germinated seeds has been demonstrated in several species, including Impatiens walleriana (Bruggink and van der Toorn, 1995) , Medicago truncatula (Buitink et al., 2003) , Tabebuia impetiginosa (Vieira et al., 2010) , and recently in Arabidopsis thaliana (Maia et al., 2011 (Maia et al., , 2014 . Incubation with PEG induces membrane changes and inhibits radicle growth. PEG also down-regulates genes related to energy metabolism and cell wall modification; up-regulates genes related to antioxidant activity, stress responses, and seed storage; and induces the synthesis of protective molecules, such as non-reducing sugars, LEA proteins, and HSPs (Buitink et al., 2003 (Buitink et al., , 2006 Maia et al., 2011) .
Previously, we reported that the BnGolS1 gene might be associated with the acquisition of DT in Brassica napus seeds during development (Li et al., 2011) . Here, we identified the B. napus HSF member BnHFSA4a through analysis of the BnGolS1 promoter, and performed functional characterization of BnHFSA4a based on phenotypic analysis and the examination of putative target genes using a transgenic approach. We suggest that BnHSFA4a is likely to function in regulating the expression and activity of GolS, leading to the accumulation of RFOs in seeds and activating the antioxidative system and other stress response mechanisms to improve DT. Our data provide new insights into the mechanisms through which BnHFSA4a plays a role in DT acquisition in seeds.
Materials and methods

Plant material and growth conditions
Precocity Cultivar Rape (Brassica napus L.) seeds were kindly provided by Qinghai Academy of Agricultural Sciences, China. The original germination was 98%. Developing seeds were collected at various time intervals after pollination. Some of the fresh seeds were frozen rapidly in liquid nitrogen and preserved at −80 °C. Others were dehydrated in closed desiccators within a saturated lithium chloride solution (relative humidity 11.3 ± 0.3%, 25 °C) for 3 d. To analyse the loss of DT during germination, dehydrated seeds were transferred to 100% relative humidity for 24 h for slow rehydration, and then germinated in 9 cm Petri dishes on two layers of filter paper with distilled water at 22 °C in the dark.
Arabidopsis thaliana [ecotype Columbia-0 (Col-0)] was selected as the control. The AtHSFA4a T-DNA insertion line (SALK_036303) was ordered from the Arabidopsis Biological Resource Center (ABRC; https://www.arabidopsis.org/). Homozygous lines for the T-DNA insertion line AtHSFA4a (AT4G18880) were identified by PCR according to SIGnAL Laboratory recommendations (http:// signal.salk.edu/tdnaprimers.2.html). The primers used in this experiment were: LBb1.3-F, 036303-LP-F, and 036303-RP-R (see Supplementary Table S4 at JXB online).
Arabidopsis seeds were surface sterilized with 70% (v/v) ethanol and 10% (v/v) NaClO. After washing in sterilized water, the seeds were sown on 0.5× Murashige and Skoog (MS) plates with 3% sucrose and 0.55% agar, containing 50 mg l −1 kanamycin for mutant selection or 40 mg l −1 hygromycin for transgenic selection. The plates were incubated in a growth chamber at 22 °C with a 16 h light-8 h dark cycle and 70% relative humidity. After germination, 10-dayold Arabidopsis seedlings were transplanted to a mixture of soil and vermiculite (2:1). Germination assays were performed at 22 °C under constant light (150 µmol m −2 s −1
). Seeds from four germination stages were selected according to Maia et al. (2011) . In all experiments, the plates were stratified at 4 °C for 48 h before germination. , HindIII, PstI, and SacI (Takara, China) at 37 °C for 8 h. The digested DNA was isolated via phenol-chloroform extraction. Each digested genomic DNA was self-ligated with T4 ligase (Promega, USA), and the final concentration of DNA was 3 ng μl −1
Isolation of the
. A 2 μl aliquot of the ligation reaction was used as the template for inverse PCR. Two pairs of primers were designed for nested PCR: GSpro-SP1 and GSpro-AP1; GSpro-SP2 and GSpro-AP2 (Supplementary Table S4 ). The PCR products were then sequenced.
The promoter of BnHSFA4a was subjected to homology-based cloning according to the genome sequence of Brassica rapa L. from the Phytozome database (www.phytozome.net). The primers for this procedure were A4proseq-1263-F-SacI and A4proseq-1263-R-NcoI (Supplementary Table S4 ).
Transient expression and GUS histochemical staining analysis
Two primers with additional restriction sites were designated GSproseq-F-HindIII and GSproseq-R-BglII (Supplementary Table  S4 ) to obtain the BnGolS1 promoter. The PCR products were subsequently cloned and sequenced. They were then cloned into pCAMBIA1301, replacing the Cauliflower mosaic virus (CaMV) 35S promoter driving the GUS (β-glucuronidase) reporter gene. The recombinant pCAMBIA1301-BnGolS1pro::GUS construct was transformed into Agrobacterium tumefaciens strain GV3101 for transient expression experiments.
Using SacI and NcoI, a 1262 bp fragment of the BnHSFA4a promoter was cloned and inserted into pCAMBIA1301 to drive the GUS reporter gene. Homozygous transformed Arabidopsis seeds were used for histochemical staining. Two portions of the germinating seeds were dehydrated in closed desiccators within a saturated lithium chloride solution for 4 h at 22 ± 2 °C in the dark; or incubated in PEG solution (−2.5 MPa) for 72 h at 22 ± 2 °C in the dark. GUS staining was performed according to Hwang et al. (2014) .
BnHSFA4a cDNA isolation and cloning Total RNA from B. napus seeds was isolated using a plant total RNA extraction kit (Aidlab, Beijing, China) according to the manufacturer's instructions. First-strand cDNA was synthesized using oligo(dT) (Promega, USA) and RNase H-minus M-MLV reverse transcriptase (Promega, USA) at 42 °C for 2 h. Then, 3' and 5' RACE-PCR was performed according to Li et al. (2011) . The primers are listed in Supplementary Table S4 .
Yeast one-hybrid analysis
The bait plasmids were constructed based on pHISi, with fragments containing the heat shock element (HSE) sequence of the BnGolS1 promoter, 5'-CTTCCAGAACTCTCACCAAG-3'; the HSE mutant sequence was selected as the negative control, 5'-CGGACATGGCTCATACCTCG-3'. Complementary oligonucleotides containing the HSE and HSEmut sites with the enzyme cutting site were designated HSE-5',HSE-3', HSEmut-5', and HSEmut-3' (Supplementary Table S4 ). The two oligonucleotides were mixed at a molar ratio of 1:1, then denatured at 70 °C for 5 min and cooled down slowly to room temperature. The resulting annealed dsDNA was digested and ligated to the pHISi plasmid, yielding pHISi-HSE and pHISi-HSEmut. These plasmids were digested with XhoI and separately transformed into yeast YM4271 cells. After growing at 30 °C for 4 d, verified colonies were inoculated onto histidine-deficient selective medium containing 0, 15, 30, 45, or 60 mM 3-aminotriazole (3-AT) to select the optimal concentrations.
The coding region of BnHSFA4a was amplified with the primers ADA4-F-EcoRI and ADA4-R-BglII (Supplementary Table S4 ) and fused with the GAL4 activation domain of the pGAD-GAL4 vector to generate the prey plasmid pAD-BnHSFA4a. Different combinations of bait (pHISi, pHISi-HSE, or pHISi-HSEmut) and prey plasmids (pGAD-GAL4 or pAD-BnHSFA4a) were sequentially transformed into yeast YM4271 cells, which were then analysed for growth on selective medium.
Plasmid construction and plant transformation
Full-length BnHSFA4a cDNA was amplified using the gene-specific primers BnA4a-F-SacI and BnA4a-R-XbaI (Supplementary Table  S4 ). The PCR-amplified products were then cloned into the pMD19-T vector and sequenced. The plant expression vector pCAMBIA1301 was modified with the seed-specific expression promoter of the napin protein (primers: BnNapinpro-F-EcoRI and BnNapinpro-R-SacI) and the nopaline synthase (NOS) terminator (primers: NosT-FPstI and NosT-R-HindIII) (Supplementary Table S4) in its multiple cloning site (MCS). Then, pMD19-BnHSFA4a and the modified pCAMBIA1301-Napin-Nos were digested with SacI and XbaI and recombined. The resulting construct was transformed into A. tumefaciens strain GV3101. Transgenic Arabidopsis plants were generated using the floral dip method described by Zhang et al. (2006) . Three independent homozygous overexpression and complementation lines of the T 3 progeny were selected randomly for further experiments. The presence of the transgenic lines was verified via real-time PCR (RT-PCR) and Southern blot analysis.
Subcellular localization analysis
The coding region of BnHSFA4a was amplified without the stop codon with the primers BnA4GFP-F-PstI and BnA4GFP-R-XbaI. We cloned the product into the pGreen0029-GFP vector driven by the 35S promoter. Vector-carrying 35S-driven GFP was used as free GFP control. After sequencing, we performed the subcellular localization according to (Yoo et al., 2007) . Enhanced green fluorescent protein (EGFP) fluorescence was analysed using confocal laser scanning microscopy (Leica TCS-SP8). Green fluorescence signals were visualized by excitation at 488 nm and emission at 520-540 nm using a band-pass filter.
Testing of seed vigour and DT
Developing Arabidopsis seeds at various time intervals were collected to determine the acquisition of DT. Seeds at stages I, II, III, and IV were dried either directly (untreated controls) or after 3 d of incubation in PEG at −2.5 MPa (treated samples). After incubation, the treated samples were rinsed thoroughly with distilled water, then transferred to a new Petri dish with two layers of filter paper. All seeds were dehydrated in lithium chloride-saturated steam (relative humidity: 11.3 ± 0.3%, 25 °C) for 3 d at 22 °C in a closed chamber. After dehydration, all seeds were re-watered in a closed chamber with water steam (100% relative humidity) for 24 h at 22 °C in the dark. The survival of viable seedlings 10 d after rehydration was scored. Controlled deterioration treatment (CDT) was performed as previously described by Tesnier et al. (2002) .
Analysis of soluble carbohydrates
The soluble sugars of B. napus and Arabidopsis seeds were extracted and desalted mainly according to Li et al. (2011) . The contents of sucrose, myo-inositol, galactinol, raffinose, and stachyose were measured by HPLC.
Determination of galactinol synthase and raffinose synthase activity
Pre-chilled extraction buffer [50 mM HEPES-KOH, pH 7.5, 50 mM ascorbic acid, 4 mM MnCl 2 , 2 mM DTT, 1 mM phenylmethylsulphonyl fluoride (PMSF)] was employed as the enzyme extraction solution. After centrifugation for 20 min (4 °C), the desalted supernatant was used to measure GolS and raffinose synthase (RS) activity as previously described (Egert et al., 2013) Determination of GSH content The contents of oxidized glutathione (GSSG) and reduced glutathione (GSH) were determined as previously reported (Mittova et al., 2003) .
Western blot analysis
Protein was extracted from Arabidopsis seeds. A 20 μg aliquot of protein per sample was separated via SDS-PAGE. After electrophoresis, the gels were transferred to nitrocellulose using a mini-transblot system (Bio-Rad). After incubation with primary antibodies (summarized in Supplementary Table S5), the membrane was washed with TBST before the addition of a secondary goat antirabbit immunoglobulin-horseradish peroxidase (HRP) antibody. ECL-Plus Western Blotting Detection Reagents (Invitrogen) were used for detection according to the manufacturer's instructions.
Real-time quantitative PCR (qRT-PCR)
Total RNA was isolated from B. napus and Arabidopsis seeds using a plant RNA extraction kit (Aidlab, Beijing, China). Brassica napus Actin2.1 (FJ529167), β-Actin (AF111812), and Arabidopsis AtActin2 (At3G18780) and 18S rRNA (At3G41768) were used as internal standards. The primers employed for these assays are listed in Supplementary Table S4. SYBR GreenI Taq Mix (Takara) was used as fluorochrome. The amplification reactions were performed in a Line Gene K thermal cycler (Bioer, China) under standard conditions. All of the amplification reactions were repeated three times under identical conditions.
Statistical analyses
The rapeseeds used in this study were collected from different plants on different days. Arabidopsis seeds from different lines were collected at different times. All data were analysed using a one-variable general linear model procedure (ANOVA) with the SPSS software package (SPSS Inc., http://www.spss.com.cn). Analysis of significance was performed using Duncan's multiple range tests at P≤0.05. Values are presented as the means ±SE.
Results
Identification of upstream promoter sites of BnGols1
In our previous work, a gene encoding GolS was isolated from B. napus seeds using RACE methods (BnGolS1) (GenBank accession no. FJ407183). To clarify the regulatory mechanism, the promoter sequence of BnGolS1 was amplified through inverse PCR (Fig. 1A) . The predicted promoter containing the 827 bp upstream sequence of the BnGolS1 coding sequence (CDS) was analysed using the PlantCARE (Postel et al., 2002) and PLACE (Higo et al., 1999) databases (Supplementary Table S1 ).
The BnGolS1 promoter contains several cis-acting elements, including an ABA-responsive element (ABRE); G-box, dehydration response element (DRE), a HSE, a MYC recognition site (MYCR), and a W-box. The distribution of these cis-acting elements showed high similarity to that of the promoter of AtGolS1 (Taji et al., 2002) (Fig. 1B) . Several HSEs (5'-nGAAn-3') were clustered in tandem repeats from the --75 to -125 positions of the BnGolS1 promoter. The HSE core unit sequence, 5'-nGAAn-3', was inversely distributed with its reverse complementary sequence, 5'-nTTCn-3'. When the first 'n' of the HSE sequence is an 'A' (i.e. 5'-AGAAn-3'), it indicates an increased binding affinity for HSFs (Akerfelt et al., 2010) . Both of these HSE regions (around -75 and -125) in the BnGolS1 promoter contain the 5'-AGAAC-3' sequence, which indicates that the expression of BnGolS1 may be regulated by HSFs (Fig. 1C) .
To confirm the function of the putative promoter sequence, we constructed the pCAMBIA1301-BnGolS1pro::GUS expression vector to drive transient GUS expression. After A. tumefaciens infection and histochemical staining, the leaves and stems of B. napus transformed by pCAM-BIA1301 containing 35S-GUS and BnGols1pro::GUS (Fig. 1D) were stained, whereas the tissues transformed with CaMV35S-lacking pCAMBIA1301 were not. These results indicate that the putative sequence possesses promoter function.
BnHSFA4a has a highly conserved DNA-binding domain (DBD) and directly regulates the expression of BnGolS1
The homologous sequence of BnHSFA4a was identified using AtHSFA4a as a query via BLAST searching at NCBI (http://blast.ncbi.nlm.nih.gov/). The full-length cDNA of BnHSFA4a was amplified using the RACE method. The BnHSFA4a gene (GenBank accession no. HQ435241) was 1667 bp in length, including an ORF of 1170 bp, with a deduced protein consisting of 390 amino acid residues, a 5'-non-coding region of 324 bp, and a 3'-non-coding region of 173 bp (Supplementary Table S2 ).
Protein structure alignment using InterPro (http://www. ebi.ac.uk/interpro/) showed that BnHSFA4a includes DNAbinding sites, a nuclear localization signal, and a transcription-activating domain. The deduced protein sequence showed that BnHSFA4a was a typical class A HSF. The DBD of BnHSFA4a is highly homologous to those in A. thaliana, Oryza sativa, Solanum lycopersicum, and Zea mays ( Fig. 2A) . Phylogenetic and molecular evolutionary analyses were conducted using MEGA 6.0 (Tamura et al., 2007) based on a heuristic search employing random stepwise addition of taxa, with 1000 replicates (Fig. 2B) .
To investigate the regulation of BnGolS1 transcription by BnHSFA4a, yeast one-hybrid analysis was performed. The bait plasmids pHISi, pHISi-HSE, and pHISi-HSEmut were transformed into YM4271 yeast and we found that 30 mM was the lowest concentration of 3-AT (competitive inhibitor of HIS3) capable of inhibiting the basal expression of HIS3 ( Supplementary Fig. S1 ). Then, the prey plasmids (pAD-GAL4 or pAD-BnHSFA4a) were sequentially transformed into YM 4271 yeast. The yeast with pAD-BnHSFA4a and pHISi-HSE grew well on SD/-His/-Leu medium (Fig. 1E) , whereas the growth of yeast with other combinations of plasmids was suppressed. Hence, we concluded that HSFA4a could interact with the BnGolS1 promoter via the HSE and regulate the expression of BnGolS1.
Subcellular localization and expression pattern of BnHSFA4a
The subcellular localization of BnHSFA4a was examined by expressing the BnHSFA4a-GFP fusion protein in protoplasts prepared from Arabidopsis suspension-cultured cells. As shown in Fig. 3A , BnHSFA4a was located in the cell nucleus, whereas GFP was detected in both the cytoplasm and nucleus.
Based on the previous finding that the expression of the GolS gene may be associated with the DT of B. napus seeds during development (Li et al., 2011) and given that BnGolS1 is regulated by BnHSFA4a (Fig. 1E) , we hypothesized that BnHSFA4a might be related to DT acquisition in B. napus seeds. BnHSFA4a was constitutively expressed in all tissues, with moderate expression being observed in seeds (Supplementary Fig. S2 ). BnHSFA4a transcript levels were significantly increased by 3-fold from 14 days after flowering (DAF) to 22 DAF (Fig. 3B) , before DT was achieved in B. napus seeds from 20 DAF ( Supplementary  Fig. S3 ), and also prior to a BnGolS1 activity increase from 18 DAF (8.42 μkat g −1 ) to 28 DAF (40.21 μkat g −1 ) and galactinol production from 28 DAF (0.14 mg g −1 ) to 42 DAF (1.06 mg g −1 ) (Fig. 3C) . It remained at this high level from 22 DAF to 35 DAF and declined slightly at 42 DAF.
As the substrate of galactinol, the content of inositol was continuously decreased during development (from 1.3 mg g −1 to 0.01 mg g −1 ). These results indicated that BnHSFA4a might function upstream of BnGolS1 and be correlated with DT acquisition.
To assess the expression pattern of BnHSFA4a, the 1262 bp proximal promoter region of BnHSFA4a was isolated. Prediction analysis using the PlantCARE database revealed a series of stress resistance and abiotic stress-responsive elements in the BnHSFA4a promoter (Supplementary  Table S3 ). Hence, we constructed a BnHSFA4a-pro::GUS vector and transformed it into the Arabidopsis Col-0 line. Histochemical staining analysis revealed that GUS was expressed in germinated transgenic seeds (Fig. 3Dv-viii) , and its expression was highly enhanced after desiccation stress for 4 h or incubation with PEG for 72 h (Fig. 3Dix-xvi) , whereas wild-type seeds were not stained (Fig. 3Di-iv) . This result indicates that BnHSFA4a is influenced by desiccation stress.
Ectopic expression of BnHSFA4a in Arabidopsis enhances DT in seeds
To investigate further the functions of BnHSFA4a, we generated transgenic Arabidopsis plants ectopically expressing BnHSFA4a under the control of the seed-specific Napin promoter (Ericson et al., 1986; Chen and Lin, 2012) . The Arabidopsis mutant athsfa4a (Salk_036303) (insertion 139 bp downstream from the start codon) was selected to study HSFA4a loss of function in the following experiments. The binary vector pCAMBIA1301 was modified by inserting the Bn-Napin promoter (EcoRI-SacI) and the NOS terminator (PstI-HindIII) into its MCS, after which the CDS of BnHSFA4a was inserted (SacI-XbaI) (Fig. 4A,  B) . Two overexpression lines, designated oxBnHSFA4a#4 and oxBnHSFA4a#5, and one complementation mutant line, designated athsfa4a/BnHSFA4a#5, were generated. The mutant lines were identified via PCR using two paired reactions described in the SALK T-DNA Primer Design tool (http://signal.salk.edu/tdnaprimers.2.html). Transgenic overexpression and complementation lines were identified using Southern blotting and qRT-PCR ( Fig. 4C-E) .
The results showed that all of the lines began to germinate 16 h after imbibition, with maximum levels being reached at ~36 h (germination >99%). However, seed vigour of the mutant line was reduced, as evidenced by a decrease in germination speed (Supplementary Fig. S4 ). To test seed vigour, the seeds were aged under 85% relative humidity at 40 °C for up to 8 d. The results showed that the germination of wild-type seeds declined progressively from the second day onward, being reduced by 50% at 5 d and completely lost after ageing for 8 d. The mutant line was sensitive to accelerated ageing and lost all vigour after 7 d of ageing, while two overexpression lines (oxBnHSFA4a#4 and #5) exhibited enhanced tolerance after seed deterioration. At the end of the ageing period, 10% germination still occurred (Fig. 4F) .
Next, DT was assessed during seed development and germination. Arabidopsis acquired DT beginning at 10 DAF, accompanied by up-regulation of AtHSFA4a and GolS accumulation ( Fig. 4G; Supplementary Fig. S5 ). DT was fully achieved at 20 DAF in all lines. The seeds of overexpression lines (oxBnHSFA4a#4 and #5) acquired their DT earlier during maturation than wild-type seeds from 10 DAF to 18 DAF, whereas the mutant line acquired DT 1 d later than the wild-type seeds; however, all lines achieve DT after 20 DAF (Fig. 4G) . In germinating seeds, DT decreased rapidly from 12 h (88%) to 24 h (0%) of imbibition in the Col-0 line. The overexpression and complementation lines exhibited no significant differences compared with the Col-0 line. However, after 12 h of imbibition, the DT of the mutant line (66.6%) was reduced ~22% compared with the Col-0 line (88.6%) and 29% compared with the oxBnHSFA4a#5 line (95%) (Fig. 4H) . The DT of all lines increased significantly after incubation with PEG (-2.5 MPa, 3 d), with strong re-establishment being observed in the Col-0, overexpression, and complementation lines compared with the athsfa4a mutant line. The DT of the Col-0 line at 20 h increased from 3% to 86% after PEG treatment, and the DT of the two transgenic lines increased from 12% and 8% to 93% and 81%, respectively. However, only 36% of athsfa4a seeds survived after DT re-establishment at 20 h (Fig. 4I) . To assess DT accurately, four clearly distinct developmental stages according to Maia et al. (2011) were selected to assess the re-induction of DT: stage I (testa rupture), stage II (seeds at radicle protrusion), stage III (germinated seeds exhibiting a primary root of 0.3-0.5 mm in length), and stage IV (appearance of the first root hairs) (Fig. 5A) . These developmental stages correspond to ~12, 16, 20, and 24 h of imbibition, respectively, under optimum germination conditions at 22 °C. DT was re-induced at stages I, II, and III, and the survival rates of all lines were markedly increased (Fig. 5C ) compared with that of untreated seeds (Fig. 5B) . Notably, the athsfa4a line exhibited weaker DT compared with the other lines after reestablishment of DT; in particular, at stage III, the survival rate was reduced by 44% compared with that of the other lines ( Fig. 5B-D) . These results indicate that HSFA4a exerts protective effects against dehydration stress during seed development and germination, and may act as a key regulator in the re-establishment of DT.
BnHSFA4a regulates the expression of the GolS and RS genes and the accumulation of galactinol and raffinose in DT re-establishment
The expression of BnHSFA4a in Arabidopsis was distinct in the transgenic lines compared with the Col-0 and mutant lines before incubation with PEG, as it was up-regulated 3-to 4-fold in the transgenic lines after incubation with PEG (Fig. 6A) . These findings are consistent with the expression of AtHSFA4a in Arabidopsis after incubation with PEG ( Supplementary Fig. S6 ). AtGolS1 and AtGolS2 expression was induced in the transgenic lines and decreased in the mutant lines before incubation with PEG. AtGolS1, AtGolS2, and AtRS2 expression was dramatically up-regulated by incubation with PEG in all lines, particularly in the overexpression lines. In contrast, knockout of AtHSFA4a altered the transcription of these genes after incubation with PEG compared with Col-0 (Fig. 6B-D) . In addition, the total activity of GolS isoenzymes was slightly increased in the overexpression lines but was maintained at a low level in all lines before the re-establishment of DT. In accordance with the observed gene expression levels, GolS activity was strongly increased after incubation with PEG for 3 d. The oxBnHSFA4a lines exhibited increased enzyme activity compared with the other lines; however, the activity of GolS in the mutant line was weaker compared with the other lines (Fig. 6E) . Consistent with the findings regarding GolS activity, RS activity was also increased in the overexpression lines and decreased in the mutant lines. Their activity increased after incubation with PEG, particularly in the oxBnHSFA4a lines, but was diminished in the mutant line (Fig. 6F) . These results suggest that HSFA4a probably regulates the expression of RS, either directly or indirectly.
As shown in Fig. 7A , the sucrose concentration exhibited no obvious difference between the Col-0 and mutant lines and was increased slightly in the overexpression and complementation lines. The sucrose level increased 2-to 3-fold after PEG treatment. The concentrations of galactinol, raffinose, and stachyose were increased slightly in the BnHSFA4a overexpression lines and were significantly increased after incubation with PEG. Galactinol levels were increased notably in the oxBnHSFA4a#4 (5.89 mg g −1 ) and oxBnHSFA4a#5 (6.55 mg g −1 ) ) lines (Fig. 7B) . Similar to galactinol, significant accumulation of the raffinose content was observed after DT re-establishment in the overexpression lines (Fig. 7C, D) . Thus, we deduced that BnHSFA4a expression improved the levels of oligosaccharides.
Overexpression of BnHSFA4a in Arabidopsis seeds increases the antioxidant ability in DT re-establishment
We analysed the antioxidant ability of seeds following oxidative damage caused by treatment with 1 μM methylviologen (MV) for 3 h. After MV treatment, the seed germination Fig. 6 . Analysis of raffinose family oligosaccharide metabolism-related factors. Relative expression levels of (A) BnHSFA4a, (B) AtGolS1, (C) AtGolS2, and (D) AtRS2 in seeds at germination stage III, before and after incubation with PEG for 72 h. Total galactinol synthase activity (E) and raffinose synthase activity (F) in seeds of the indicated lines, before and after PEG treatment for 72 h. The experiments were performed in triplicate, and the results are presented as the mean ±SE. Asterisks denote significant differences. *P≤0.05; **P≤0.01.
percentage was decreased to 39, 23, 58, 59, and 42% of the level in untreated seeds in the Col-0, athsfa4a, oxBnHSFA4a#4, oxBnHSFA4a#5, and athsfa4a/BnHSFA4a#5 lines, respectively, indicating that athsfa4a is more sensitive to oxidative stress. In contrast, overexpression of HSFA4a exerted a protective effect (Fig. 8A) . To investigate further the influence on antioxidant capacity of HSFA4a, the expression profiles of superoxide dismutase (MnSOD, Cu/ZnSOD), catalase (CAT), and ascorbate peroxidase (APX) in seeds were analysed via qRT-PCR. The transcription of AtMnSOD, AtCu/ ZnSOD2, AtAPX1, AtAPX6, and AtCAT3 was induced in the oxBnHSFA4a lines and decreased in the athsfa4 line compared with that in Col-0 under normal growth conditions before incubation with PEG. The difference between the mutant lines and the overexpression lines was further enhanced after the re-establishment of DT (Fig. 8B-F) . Additionally, HSFA4a exerted an effect on reduced GSH and GSSG. The GSH/GSSG ratio was increased in the HSFA4a overexpression lines (7.08 and 7.86 in the oxBnHSFA4a#4 and#5 lines, respectively) and decreased in the hsfa4a mutant line (5.03) compared with Col-0 (6.08) before incubation with PEG. This ratio was increased after incubation with PEG in Col-0 (9.43), particularly in the overexpression lines (11.72 and 13.75 in the oxBnHSFA4a#4 and#5 lines, respectively) (Fig. 8G) . Western blot analysis showed that all of the examined antioxidant enzyme proteins exhibited increased expression in the oxBnHSFA4a lines compared with Col-0 seeds and were significantly increased after incubation with PEG (Fig. 8H) . These data provide evidence that HSFA4a influences the antioxidant enzyme system activated by PEG in DT re-establishment, indicating a possible mechanism of action for BnHSFA4a in DT.
Expression analysis of stress-responsive genes regulated by the HSFA4a transcription factor in DT re-establishment
To study the molecular targets of HSFA4a during the acquisition of DT, the expression of some potential candidates, including other HSF genes (HSFA2 and HSFB1), HSP genes (HSP17.6 and HSP101), stress-related protein genes, and transcription factor genes (Dehydrin LEA, WRKY 30, and ZAT12), was analysed via qRT-PCR. HSF-related genes (HSFA2, HSFB1, HSP17.6, and HSP101) were upregulated in the overexpression lines, down-regulated in the athsfa4a line, and strongly induced in the transgenic plants after PEG treatment (Fig. 9A-D) . Dehydrin LEA, WRKY30, and ZAT12 were also up-regulated in the oxBnHSFA4a lines, regardless of pre-treatment with PEG, indicating that these genes are constitutively regulated by HSFA4a (Fig. 9E-G) . Notably, HSFA2, HSP17.6, and HSP101 were minimally affected by BnHSFA4a under normal growth conditions but were induced after incubation with PEG, suggesting that these genes are specifically induced by HSFA4a during the PEG-dependent re-establishment of DT.
Discussion
Previous studies indicated that HSFs mediate the activation of a large set of genes induced by high temperature or other stress conditions (Miller and Mittler, 2006; Shim et al., 2009; Liu and Charng, 2013 ). In the current study, BnHSFA4a was shown to bind to the BnGolS1 promoter as revealed by yeast one-hybrid analysis (Fig. 1) , and acted as a transcription factor in the nucleus (Fig. 3A) . BnHSFA4a expression was induced at 14 DAF and increased until it reached a peak at 24 DAF prior to DT being fully achieved at 35 DAF, and then decreased from 35 DAF until seed maturation ( Fig. 3B ; Supplementary Fig. S3 ). This expression pattern was consistent with the 'bell-shaped pattern' stress response mechanism proposed by Kranner et al. (2010) , which considered that inducible protectants are used as stress markers and that their concentrations increase in the resistance phases and decrease in the exhaustion phase. Therefore, we hypothesized that BnHSFA4a may act as an inducible protectant during DT acquisition during the seed development phase. Notably, BnHSFA4a mRNA accumulated prior to galactinol accumulation and decreased before GolS activity peaked at 28 DAF (Fig. 3C) . These results indicate that BnHSFA4a may function upstream to activate the expression of BnGolS1 in response to abiotic stresses, similar to a previous study demonstrating that the induction of AtGolS1 is clearly dependent on AtHSFA1a/A1b (Busch et al., 2005) . Personat et al. (2014) reported that Helianthus annuus L. HSFA4a enhanced the phenotypes associated with overexpression of HaHSFA9, but the overexpression of HaHSFA4a alone failed to induce tolerance to severe abiotic stress in transgenic tobacco seedlings. The phylogenetic tree showed that BnHSFA4a was highly conserved with AtHSFA4a and greatly different from HaHSFA4a (Fig. 2B ), indicating that BnHSFA4a may have the same effect as AtHSFA4a and function differently from HaHSFA4a. In addition, compared with the results of Personat et al. (2014) , DT was tested in germinating seeds rather than seedlings in the present study, demonstrating that HSFA4a may act differently in different stages.
Analysis of cis-acting elements indicated that several desiccation-responsive elements, such as ARBE, anaerobic induction regulatory element (ARE), low-temperature responsiveness element (LTR), and GA 3 response element (GARE) motifs, were distributed in the BnHSFA4a promoter (Supplementary Table S3 ). The ABRE and GARE cis-elements are key binding regions of ABA and gibberellin signalling proteins in plants. Hwang et al. (2014) reported that AtHsfA6a was transcriptionally regulated by the ABAresponsive element-binding factors (ABFs) or ABREs, suggesting that BnHSFA4a may also participate in phytohormone regulatory networks. Histochemical staining using the BnHSFA4a promoter GUS provided further evidence that the expression of BnHSFA4a was enhanced by desiccation stress and osmotic stress (Fig. 3D) . These findings are consistent with previous results indicating that HSFA4a was inducible by H 2 O 2 , drought, and heat treatments, which are all known to induce ROS accumulation (Davletova et al., 2005; Pérez-Salamó et al., 2014) .
Germinated seeds exhibit a window during which they tolerate desiccation. Re-establishment of DT in seeds through PEG treatment is now accepted as a suitable model for studies on seed DT (Buitink et al., 2003; Vieira et al., 2010; Maia et al., 2011; Dekkers et al., 2015) . Our data demonstrated that the overexpression of BnHSFA4a enhanced DT in Arabidopsis seeds and that the athsfa4a mutant line was more sensitive to desiccation compared with the wild-type line during seed development and germination (Fig. 4G,  H) , especially after DT re-establishment (Fig. 4I) . In addition, seed vigour was also influenced by HSFA4a (Fig. 4F) , indicating that HSFA4a is likely to play a role in the complex network that regulates DT and longevity modules, such as HSFA9 (Verdier et al., 2013) . RFOs are characterized as compatible solutes involved in stress tolerance defence mechanisms, and the increased accumulation of RFOs during maturation was identified in parallel with the acquisition of seed DT (Obendorf et al., 1997 (Obendorf et al., , 1998 Black et al., 1999, Verdier and Thompson, 2008) . Furthermore, RFOs abundantly accumulate during dehydration in many resurrection plants and may have prominent roles in protecting the tissues via water replacement and vitrification Oliver et al., 2011) . In addition, the correlation between seed longevity and RFOs has been reported in M. truncatula (Verdier et al., 2013) . However, the functional role of sucrose and RFOs in seeds remains elusive. Black et al. (1999) reported that DT and the occurrence of raffinose are not correlated in wheat seeds. Moreover, in vivo experimental data have shown that RFOs are not involved directly or are at least not the sole factors required for desiccation tolerance and longevity (Ooms et al., 1994; Buitink et al., 2000; Groot et al., 2000) . In our research, we found that the expression of AtGolS1, AtGolS2, and AtRS2 was markedly induced in the overexpression lines compared with that in wild-type plants, especially after DT reacquisition (Fig. 6B-D) . Furthermore, GolS and RS activities and the contents of galactinol, raffinose, and stachyose increased in the oxBnHSFA4a lines and were considerably enhanced after incubation with PEG ( Fig. 6E,  F ; 7B-D), suggesting that RFO synthesis may participate in the response to PEG-mediated DT re-establishment and may be influenced by BnHSFA4A. As a substrate of the RFO synthesis pathway, the sucrose concentration increased in all lines by ~2-fold after DT re-establishment in seeds (Fig. 7A) . These data are similar to the finding that sucrose levels in the radicles of M. truncatula seeds increased after incubation with PEG (Buitink et al., 2003; Vieira et al., 2010; Maia et al., 2011; Dekkers et al., 2015) . Sucrose levels increased slightly in the overexpression lines regardless of PEG treatment, which is consistent with the findings of Pérez-Salamó et al. (2014) , indicating that HSFA4a might not participate in the regulation of sucrose anabolism directly. We hypothesize that sucrose levels are indirectly increased by the accumulation of RFOs during incubation with PEG.
Several HSFs are thought to function as molecular peroxide sensors that respond to ROS during stress, leading to subsequent transcriptional activation of their target genes (Miller and Mittler, 2006) . Some antioxidant enzyme genes are known to be controlled by HSF complexes in response to H 2 O 2 signals during heat stress (Volkov et al., 2006) . Nishizawa et al. (2008) reported that overexpressing HSFA2 strongly induced the transcription of the GolS and RS genes and enhanced tolerance to MV treatment in transgenic plants.
This phenomenon was correlated with increased galactinol and raffinose content. Further evidence demonstrated that galactinol and raffinose can scavenge hydroxyl radicals, a novel function to protect plant cells from oxidative damage. Activation of antioxidant and ROS-scavenging systems is also crucial for DT re-establishment (Berjak, 2006; Buitink et al., 2006; Moore et al., 2009) . Overexpression of HSFA4a alters the transcription of a large set of genes regulated by oxidative stress (Pérez-Salamó et al., 2014) . In parallel, our results indicated that overexpression of BnHSFA4a in Arabidopsis up-regulated the expression of MnSOD, Cu/ZnSOD, APX1, APX6, and CAT3 at both transcriptional and protein levels after incubation with PEG (Fig. 8) . The H 2 O 2 -responsive zinc-finger protein ZAT12 is required for cytosolic APX1 expression during oxidative stress in Arabidopsis (Ludmila et al., 2004) . The ZAT12 promoter contains at least two copies of the HSF-binding element, suggesting that HSFA4a might function by directly binding to the ZAT12 promoter. As the transcript level of ZAT12 increased upon BnHSFA4a overexpression or incubation with PEG ( Fig. 9G) , an antioxidative BnHSFA4a-ZAT12-APX1 axis was predicted to play a role in DT acquisition. Thus, we hypothesize that the presence of HSFA4a may activate the antioxidative system and RFO synthesis to protect seeds from oxidative damage during desiccation.
Previous studies showed that HSFs regulate the expression of stress-related genes, such as HSP genes, APX, and GolS, in response to environmental stresses (Baniwal et al., 2004; Busch et al., 2005; Nishizawa et al., 2006 Nishizawa et al., , 2008 Ogawa et al., 2007) . Small heat shock proteins (sHSPs) and LEA proteins were found to be highly expressed after incubation with PEG especially in oxBnHSFA4a seeds (Fig. 9C-E) , which may regulate a number of chaperones and co-chaperones during desiccation Nishizawa et al., 2011; Xue et al., 2015) . Pérez-Salamó et al. (2014) found that overexpression of AtHSFA4a up-regulates the expression of HSFA2 and HSFB1. A similar result was obtained in the present study (Fig. 9A, B) , indicating that different plant HSFs may crossregulate the expression of other HSF genes (Scharf et al., 2012) . The WRKY family of plant transcription factors controls several types of plant stress responses (Li et al., 2009; Jang et al., 2010) . Wang et al. (2009) found that BhWRKY1 probably participates in dehydration tolerance by binding to the W-box elements of the BhGolS1 promoter to regulate BhGolS1 expression. Our results showed that WRKY30 was up-regulated by BnHSFA4a overexpression, particularly after incubation with PEG (Fig. 9F) . These results suggest that ectopic overexpression of BnHSFA4a leads to comprehensive effects as it modulates the transcription of stress-related genes and other transcription factors involved in mounting a defence against abiotic stress.
Taken together, our results indicated that HSFA4a from B. napus is involved in the regulation of GolS1 gene expression and that direct or indirect transcriptional changes in a series of protective genes are involved in the heat shock response, antioxidant activity, and RFO metabolism. An HSF4a insertion mutant of Arabidopsis exhibits reduced seed vigour and a reduced capacity to re-establish DT during osmotic stress treatment, whereas overexpressors exhibit enhanced survival associated with DT re-establishment. These findings suggest that HSFA4a plays a crucial role in the resistance against oxidative damage during desiccation, but its intrinsic mechanism of regulation should be deciphered in the future. Further studies are needed to elucidate more direct regulatory relationships between HSFA4a and its target genes to define clearly the role of the HSFA4a transcription factor during the acquisition of desiccation tolerance in seeds.
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